Gene function, gene networks and the fate of duplicated genes
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Gene duplication: from one to all GENE DUPLICATIONS OCCUR in individuals within a population. At the simplest level, there are two possi-Ž . ble fates for the duplicated copies of a gene: i one gene may be silenced by the accumulation of muta-Ž . tions and eventually become unrecognisable; or ii both genes may be maintained and eventually fixed in the population, increasing the number of genes in the genome. The later typically requires that natural selection favours individuals with both genes over There are several potential pathways by which genes might duplicate. Tandem duplication is a common occurrence in animal genomes, as evidenced by adjacent pairs of related genes and by gene clusters, and probably occurs by unequal cross-over at meiosis. A different and less frequently observed mechanism is polyploidy. Polyploidy is of sporadic occurrence in animal evolution, being common in some lineages, such as bony fish, 2 while rare in others, such as insects. 3 Most naturally-occurring polyploid populations have been identified by cytogenetics and isoenzyme analysis, and are probably of recent evolutionary origin. However, the development of partial genome maps of a range of species, and full genome sequencing of others, has shown that more ancient polyploidy events have apparently played a role in the evolution of some eukaryotic genomes, such as the maize, yeast and vertebrate genomes. 4 ᎐ 8 Comparison of vertebrate and invertebrate genomes has provided evidence that two whole-genome duplications occurred in the early vertebrate ancestor, before the radiation of living jawed vertebrates, and that a further genome duplication has occurred at some point in the evolution of ray-finned fish. 7, 8 In all three cases, a surprising number of duplicated genes appear to have been maintained. In this paper I will review two specific questions concerning the fate of duplicated genes. Firstly, what influence does the function of a gene have on its fate? Secondly, is duplication of the whole genome qualitatively as well as quantitatively different from the duplication of one or a small number of genes? Central to both these questions is recognising that genes are composed of complex arrangements of transcribed and regulatory elements, and furthermore that genes exist in networks.
What is a 'gene network'?
The term pathway is often used to describe a linear series of genes which influence each others function in a hierarchical manner. The term network is an expansion of this concept, and recognises the presence of feedback, redundancy and cross-talk within Ž . and between pathways e.g. ref 9 . All genes are part of regulatory networks. The transcription of all genes is regulated in cis by the protein products of other genes, while many gene products are able to influence the expression of other genes in trans; directly in the case of transcription factors and indirectly in the case of signalling molecules, receptors and signal transduction components.
Taken to its extreme, every gene in an organism is part of one large network, but in practice it is useful to subdivide this into manageable portions. Experimental evidence and mathematical modelling shows that such portions of networks have certain features; for example regulation in the form of feedback control and a degree of redundancy. 9, 10 An example of a Ž . simple network includes the wingless wg and hedge-Ž . hog hh circuit that controls parasegment boundary formation in Drosophila embryogenesis, shown in Figure 1 . This has at least two levels of feedback control and includes both cell-specific and ubiquitous components. Many other genes are inter-linked with this circuit.
Gene networks and maintenance of duplicated genes
Population genetic models are able to predict what happens to duplicated copies of a gene, incorporating variables such as population size and the level of selection.
11 Such models cannot, however, determine the precise level of selection, unless all other parameters are known. If we assume that the functions of duplicated copies of a gene must diverge, at least partially, for selection to be sufficient for both to be fixed and maintained in the population, then the critical question becomes what are the factors that determine whether a gene is able to 'find' a new function? Chance, in the form of mutation of regulatory and transcribed sequences, must play a central role in this. However, the specific effect of such mutations on a gene will depend upon the nature of the gene itself, and therefore the organisation and function of a particular gene will also influence its fate.
Does a gene's structure and position in a network affect the likelihood of both copies surviving following duplication? As discussed by Cooke et al, 12 regulatory and cell-specific genes may have a better chance of acquiring distinct functions following duplication than genes encoding housekeeping genes. Such housekeeping genes are less likely to acquire a new function by changes in their regulation, since they are already ubiquitously expressed, and would therefore have to acquire new functions by changes in the protein sequence itself. Conversely, regulatory and cell type-specific genes can acquire new domains Ž . of expression and thereby new functions by changes in promoter and enhancer sequences, without chang-Ž . ing the protein e.g. refs 13, 14 . In support of this hypothesis, experimental studies in Drosophila have shown that enhancer sequences can evolve quickly, probably because the actual binding sites recognised Ž by individual transcription factors are small usually . -10 bp and there is some redundancy in the enhancers, allowing some enhancer polymorphism. 15, 16 The pleiotropic nature of many regulatory genes may also be significant. 12 Many regulatory genes have been shown to have expression in different tissues controlled by separate enhancer elements; e.g. the HNF-3 and Brachyury genes. 17, 18 Following duplication, such genes could functionally diverge, without any protein changes, by loss of expression in different tissues by mutation of different enhancer elements in the two duplicated copies. This suggests functional elaboration of a gene could precede duplication rather than follow it.
Conversely, some regulatory genes such as the Pax genes depend upon precise levels of expression to function correctly, as revealed by the phenotype of individuals heterozygous for a null mutation. Selection might operate against duplications of such genes, since this would affect the level of expression. A further intriguing hypothesis, put forward by Gibson and Spring, 19 stems from the observation that genes encoding multidomain, multifunctional proteins often show deleterious dominant phenotypes resulting from point mutations. This would result in negative selection against many potential mutants that might appear in a duplicated gene. This would not provide a new function as such, nor explain how duplicated copies could move to fixation, but would act to prolong the time during which two redundant genes are maintained, increasing the likelihood of both being fixed by drift and divergence.
Duplication of whole networks
Polyploidy results in the duplication of the entire gene complement of an organism. As discussed above, very few such instances have been identified in the stem lineages of major groups of living animals. Where they have been identified, however, their impact is likely to have been of major significance. Duplication of an entire gene compliment could result in the retention of many duplicated genes; indeed some estimates have suggested as high as 50% retention in vertebrates. 20 In the vertebrate stem lineage, such duplications correlate with the evolution of major morphological features and have been suggested to have been a key event in the origin of vertebrates. 21 Genome duplications differ from single gene duplications in that whole networks are simultaneously doubled, rather than individual components. Thus, while the overall number of genes is increased, the relative number of genes encoding a particular net-Ž work component and therefore relative level of ex-. pression remains the same when compared to other network components. This balancing of components probably explains why many vertebrates are apparently able to survive as tetraploids, while duplication of smaller quantities of DNA, for example as trisomies, can have severe consequences for development. For network components for which the level of expression is critical, this may provide release from negative selection that would operate against single-gene duplications.
Genome duplications may also allow us to assess more closely the relative chances of maintenance of duplicated genes with different roles in a network. A Ž comparison of gene numbers in invertebrates as . deduced from Caenorhabditis elegans and Drosophila and jawed vertebrates for components of the wingless and hedgehog signalling pathways is shown in Table  1 . It is possible extra genes remain to be discovered in vertebrates though, with the near-complete sequencing of the C. elegans genome, less likely in invertebrates. 22 With this proviso, the comparison shows considerable variation in gene expansion for different members of the pathways. In the hedgehog pathway, all members show evidence of an increase in gene number in jawed vertebrates, with the exception of the smoothened gene. Several conserved com-Ž ponents of the wingless pathway known as the Wnt . pathway in vertebrates have been studied in invertebrates and vertebrates, and it is appears that some Ž components have been amplified considerably e.g.
. Ž Wnt genes while others e.g. axin, GSK3 and ␤-. catenin have not. This probably reflects the different opportunities to acquire new functions available to different duplicated genes. Here it may be relevant that several of the members of the Wntrwingless Ž . pathway e.g. ␤-catenin, GSK-3, axin are widely expressed and show limited duplication while others Ž . e.g. Wnt genes have more restricted expression and show more duplication. This suggests that, in the case of the Wntrwingless pathway and its associated network components, the position of each gene in the network affects the chances of survival of duplicate copies. Despite, however, the wealth of published data on Wntrwingless signalling in a range of taxa, there are still large gaps in our knowledge which prevent us from assessing this with full rigour. These gaps include knowledge of the precise timing of individual gene duplication events, and a full understanding of the functional differences between duplicated copies. 
Conclusions
There are several potential ways in which the structure, function and network position of a gene could affect the likelihood of duplicated copies diverging and thereby acquiring different functions. There is some empirical support for some of these suggestions, for example for a lower probability for fixation of ubiquitously-expressed genes following duplication and for divergence of regulatory genes by changes in promoters and enhancers rather than protein coding sequences. Much of the evidence is currently hard to quantify, however, due to bias in data sets produced by cloning strategies, insufficient functional studies and lack of analysis of a wider range of taxa. All of these are needed to show when and how divergence of duplicated copies has occurred.
With the rapid advances in genome science and the sequencing of more genomes, it will become possible to assess more rigorously both when genome duplications have occurred and the effect of position in a network on the survival of duplicated copies of genes. Comparative molecular analysis of different animal taxa will also allow specific questions concerning the acquisition of new functions by duplicated genes to be addressed. Such analyses can identify more precisely when in an evolutionary lineage a duplication occurred, and relate this to function by analysis of orthologous and paralogous genes in organisms dating from either side of the duplication. Ultimately, the combination of such studies will allow the assessment of the relative frequency of the different ways that genes diverge following duplication, and how this is affected by a genes structure, function and position in its network.
